Introduction
Carbon nanotubes (CNTs) represent a unique material for applications in nanoelectronics, composite materials and energy storage, to mention a few. [ 1 ] In addition, during
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Alessia Battigelli , Julie Tzu-Wen Wang , Julie Russier , Tatiana Da Ros , Kostas Kostarelos , Khuloud T. Al-Jamal , Maurizio Prato , * and Alberto Bianco * the last decade, the potential use in the biomedical fi eld has also attracted great interest due to the CNT ability to cross cell membranes like tiny needles ("nanoneedles"). [ 2 ] In particular, we demonstrated that covalently functionalized CNTs can enter inside different cell types through energy-dependent or independent methods, i.e. endocytosis or nanoneedle mechanism, respectively. [ 3 ] Moreover, when administered in vivo, organ biodistribution profi le was highly dependent on the degree of chemical functionalization [ 4 ] with rapid excretion via the renal route achieved for highly chemically functionalized CNTs. [ 5 ] These properties have paved the way for applications of CNTs as drug or gene delivery systems.
Recently, the discovery of RNA interference (RNAi) process has introduced a new concept in gene delivery. [ 6 ] The possibility to silence specifi c genes using siRNA (small interfering RNA) has shown a great advantage in comparison to DNA, because knock-down with siRNA occurs in the cytoplasm [ 7 ] and does not need nuclear uptake, as for DNA. On the other hand, the use of naked siRNA is limited by its low cytoplasmic delivery and in vivo reduced stability. This has prompted researchers to design suitable delivery systems to protect siRNA from nuclease degradation and to facilitate its cellular uptake, like cationic polymers, liposomes, or nanoparticles. [ 8 ] In 2005 Kam et al. [ 9 ] reported an effi cient use of single-walled CNTs (SWCNTs) as carriers for siRNA, covalently linked through a disulfi de bond to poly(ethylene glycole) chains, adsorbed, in turn, on the surface of the nanotubes. In this way, once inside endosomes or lysosomes, the cleavage of the disulfi de bridge allowed DOI: 10.1002/smll.201300264
A series of multi-walled carbon nanotube (MWCNT) conjugates is described, functionalized with different dendrons bearing positive charges at their termini (i.e. ammonium or guanidinium groups). The dendrimeric units are anchored to the nanotube scaffolds using two orthogonal synthetic approaches, amidation and click reactions. The fi nal nanohybrids are characterized by complementary analytical techniques, while their ability to interact with siRNA is investigated by means of agarose gel electrophoresis. The demonstration of the cell uptake capacity, the low cytotoxicity, and the ability of these cationic conjugates to silence cytotoxic genes suggests them to be promising carriers for genetic material.
www.small-journal.com the release of the oligonucleotide sequences from the nanotubes. Cellular studies performed on HeLa cells confi rmed the occurring of siRNA release and the resulting gene silencing. Since then, our and other groups [ 10 ] reported several studies on the effi cacy of CNTs as transfecting agents for siRNA in vitro and in vivo, exploiting different synthetic strategies to complex the genetic material on the surface of CNTs.
One of the most promising approaches for gene delivery is represented by polycationic nanomaterials able to efficiently complex and compact genetic materials. [ 11 ] In this context, in 2009 our group reported the functionalization of MWCNTs with modifi ed positively charged polyamidoamine (PAMAM) dendrons of fi rst and second generation and the subsequent supramolecular complexation with siRNA. [ 12 ] The electrophoretic motility on agarose gel of these complexes showed that increasing the branching of the dendritic structure enhanced the ability of CNTs to complex siRNA, most likely due to a higher water dispersibility of the conjugates and to the higher amount of positive charges on the surface of the nanotubes. Moreover, in vitro studies [ 13 ] of these conjugates showed an effective cellular delivery of the genetic material and an effi cient silencing of specifi c genes.
Even though nowadays various examples of conjugation of CNTs with linear [ 14 ] or branched [ 15 ] polyamines have been reported, in order to exploit them in the near future as clinical therapeutic systems, more detailed information about the structure-delivery relationship is undoubtedly needed, because of the high number of parameters that can infl uence their physico-chemical properties and the complex structure of such hybrid materials. For this reason, in this work we focused our attention on the design, synthesis and investigation of organically functionalized MWCNTs, bearing different types of positively charged functional groups, to understand better the complexation ability of the genetic material and to fi nd out the best conditions for the complexation and the subsequent delivery into the cellular environment. In particular, we wanted to perform a comparative study on the ability of different kinds of MWCNTs functionalized with guanidinium groups to complex and release the genetic material and to study their capability to penetrate into the cells. The guanidinium group was selected because it possesses a higher basicity in comparison to amines (pK a = 13.5 in water) [ 16 ] which renders complexation with siRNA more stable at physiological pH. [ 17 ] Moreover, several studies showed that the presence of guanidinium groups on dendrimers [ 18 ] or peptoids [ 19 ] facilitates the cellular uptake of the entire molecules. For these reasons a series of MWCNTs derivatives functionalized with dendrons of fi rst (G1) and second (G2) generation was synthesized, exploiting the amidation or the click reaction to link the dendrons to CNTs. Using these two approaches, different distances between the carbon surface and the positive charges were obtained. Once assessed the ability of the obtained conjugates to complex siRNA, the cellular uptake and the gene silencing of CNT/ siRNA complexes were evaluated, demonstrating the effi cacy of this series of MWCNTs as transfecting agent.
Result and Discussion

Synthesis of the Dendron Library
Initially, to achieve a suffi ciently polar organic functionalization for the dendron-CNTs of zero generation, Boc mono-protected diaminotriethylene glycol 1 (see Supporting Information) was prepared, as already reported in the literature. [ 20 ] The synthetic pathway used for the preparation of G1 and G2 dendrons is illustrated in Scheme 1 . The preparation of G1 dendron started from Boc di-protected compound 2 (see Supporting Information for details), [ 21 ] the addition of N -(3-bromopropyl)phthalimide to the central secondary amine group of 2 , in the presence of Na 2 CO 3 at 75 ° C, afforded the phthalimido-derivative 3 . Subsequent deprotection of the phthalimide group using hydrazine hydrate gave G1 dendron 4 , which was then used to functionalize MWCNTs via amidation reaction (see Scheme 2 ). In order to introduce an azide function, necessary for the click reaction, the free amine group of 4 was coupled with 5-azidopentanoic acid using EDC × HCl and HOBt as coupling reagents, leading to the formation of compound 5 . After the cleavage of the Boc group with HCl in dioxane, compound 6 was obtained while the guanidinium groups were introduced through the addition of N , N' -bis( tert -butoxycarbonyl)-1H-pyrazole-1-carboxamidine. The reaction product was purifi ed by column chromatography, obtaining the fi rst generation dendron 7 with an azide function at the core, ready for subsequent functionalization of MWCNTs through click reaction (see Scheme 3 ).
To perform the synthesis of G2 dendron, another branched building block was synthesized. The addition of benzyl bromoacetate to compound 2 and the subsequent cleavage of benzyl group afforded the dendritic derivative 9 (Scheme 1 ). The synthesis of G2 dendrons with an amino group at the focal point for the coupling with CNTs started from the cleavage of the two Boc protecting groups of compound 3 . The two free amino functions of compound 10 were coupled with two equivalents of 9 , affording compound 11 . After the deprotection of the phthalimido group via hydrazine treatment, the second generation dendron 12 , necessary for the amidation coupling to MWCNTs, was obtained in good yield.
The synthesis of the second generation dendron bearing an azide group at the focal point started from compound 6 , following the same strategy used to generate compound 12 . First, the free amine groups were coupled to the branched building block 9 , in the presence again of EDC × HCl and HOBt, affording compound 13 . The removal of the Boc protecting group led to the free amino derivative 14 , further modifi ed introducing Boc protected guanidinium groups by addition of N , N' -bis( tert -butoxycarbonyl)-1H-pyrazole-1-carboxamidine. In this way the second generation dendron 15 was obtained after purifi cation through column chromatography. The presence of the azido group at the core of the molecule was eventually used to link this dendron to CNTs via click chemistry. 
Functionalization of MWCNTs
The fi rst step in the functionalization of CNTs was the oxidation of pristine material, using a mixture of sulfuric and nitric acid (3:1, v/v) under sonication for 24 h. [ 22 ] One of the advantages of the oxidation treatment is to increase the dispersibility of the CNTs. Moreover, the oxidation affords shortened and opened CNTs, creating defects on the sidewall of the material and introducing carboxylic functions mainly at the nanotube tips (see Supporting Information for details, and Figure S1 and S2). The presence of these groups on the surface of CNTs can be used to easily link different linear or ramifi ed chains with a high degree of functionalization. For this purpose, these carboxylic groups were modifi ed via the amidation reaction to obtain the conjugates dendron-CNTs of zero, fi rst and second generation, bearing ammonium or guanidinium groups at their termini (Scheme 2 ). Oxidized MWCNTs were refl uxed under argon in oxalyl chloride for 24 h, to generate the reactive acyl chloride derivatives. After evaporation of the excess reagent, the tubes were redispersed in dry THF. The corresponding amidated conjugates were obtained under refl ux in the presence of one of the three different Boc protected compounds 1 , 4 or 12 . After the treatment with a solution of HCl in dioxane, the resulting ammonium derivatives of G0, G1 and G2 17 , 19 and 21 , respectively, were isolated and characterized by TGA and Kaiser test (Scheme 2 ). To form the guanidinium dendron-MWCNTs, N , N' -bis( tertbutoxycarbonyl)-1H-pyrazole-1-carboxamidine was allowed MWCNTs were then functionalized with the dendrons 7 and 15 using the click reaction. Initially, an acetylene group was introduced into MWCNTs 17 , using an excess of 5-hexynoic acid, in the presence of EDC × HCl and HOBt, affording functionalized MWCNTs 23 (Scheme 3 ).
Finally, "Cu catalyzed click reaction" [ 23 ] of MWCNTs 23 with the dendron of the fi rst generation 7 and the second generation 15 in the presence of [Cu(MeCN) 4 PF 6 ], as catalyst, 2,6-lutidine, and tris-(hydroxypropyltriazolylmethyl) amine (THPTA), as stabilizing ligand, [ 24 ] afforded functionalized MWCNTs 24 and 25 (Scheme 3 ).
Characterization of the Nanohybrids
The dendron-MWCNT conjugates of the different generations were then characterized by thermogravimetric analysis (TGA), Kaiser test and transmission electron microscopy (TEM) to assess the level of functionalization and the morphology of the different CNTs. The degree of functionalization was evaluated by TGA under nitrogen, calculating the weight loss from the curves at 500 ° C. Comparing the thermogravimetric profi les of the different intermediates, it was possible to calculate the functionalization value of each conjugate ( Figure 1 ).
Quantitative Kaiser test [ 25 ] was also used to estimate the amount of free primary amino groups and the obtained values were compared with those derived from TGA, showing a fairly good agreement between the two techniques (see Supporting Information, Table S1 ).
Concerning the conjugates obtained through the amidation reaction, TGA measurements showed a functionalization of 120 and 145 μ mol/g for G1 conjugates 19 and 20 , respectively, whereas the Kaiser test gave a functionalization of 140 and 80 μ mol/g, respectively. In the case of G2 conjugates 21 and 22 , from the TGA weight loss, we calculated 80 and 60 μ mol/g of functional groups, in good agreement with Kaiser test, which showed 60 and 40 μ mol/g, respectively. The lower functionalization of G2 conjugates in comparison to G1 nanotubes is probably due to the higher steric hindrance of the building blocks increasing the generation of the branched molecules, which accounts for a reduced functionalization effi ciency. Considering the nanomaterials achieved by click reaction, G1 and G2 conjugates showed a functionalization of 80 and 50 μ mol/g, respectively, calculated only from the TGA curves at 500 ° C, as the Kaiser test is not suitable to quantify the amount of guanidinium moieties.
To study the morphology of the functionalized material, dendron-CNTs were dispersed in DMF with a concentration of 0.1 mg/mL and then observed by TEM. The structure of the conjugates resulted unchanged, confi rming that the chemical treatments employed to functionalize CNTs do not affect the structural features of the material ( Figure 2 ).
Complexation Study with siRNA
The ability of dendron functionalized MWCNTs to complex the genetic material was determined and quantifi ed by GelGreen displacement assay and agarose gel electrophoresis. The lower the amount of free siRNA was detected, the higher is the ability of the conjugates to complex genetic materials. In the cases of the guanidinium derivatives prepared through amidation ( 18 , 20 and 22 ), a similar behavior of siRNA complexation was observed among the different tested generations ( Figure 3 ). In particular G0 guanidinium conjugate ( 18 ) showed the highest complexation ability of the studied conjugates with 15% of free siRNA detected at + /-charge ratio 3:1 and 5:1. Upon increasing the charge ratio (N/P, nitrogen/phosphate), the amount of free siRNA measured decreased proportionally until reaching a plateau at higher charge ratios. Unexpectedly, siRNA complexation ability was inversely proportional to the dendron generation number: the higher the generation was, the lower the siRNA complexation capability obtained.
In this study we also exploited a different approach to bind the dendrons to CNTs (i.e. the click reaction) aiming to investigate if the distance between CNTs and the terminal charged groups could modulate the interaction with siRNA. The results showed that increasing the length reduced the ability of the conjugates to complex the genetic materials. The CNTs functionalized through click reaction ( 24 and 25 ) displayed lower abilities to complex siRNA compared with the other conjugates. This phenomenon can be due to a non-specifi c interaction between the long alkyl chain and the triazole moieties present in the conjugates through the click reaction and the CNT surface, thus hampering the exposition of the guanidinium groups to complex siRNA. In view of these results, the amidation approach seems to work better so that further studies were carried out to compare the guanidinium conjugates with the corresponding ammonium-based nanotubes, including the G0 precursors.
Interestingly, unlike the guanidinium derivatives, all ammonium conjugates (G0, G1 and G2) possessed similar abilities to complex siRNA independently from dendron generations, in particular at higher charge ratios. Around 20% of free siRNA was detected when complexed with G0, G1, and G2 ammoniumbased CNTs ( 17 , 19 and 21 ) at 3:1 or 5:1 charged ratios (N/P). All ammonium conjugates displayed similar or better siRNA complexation capability in comparison to their guanidinium counterparts.
Comparing the different dendron generation effect on siRNA complexation, the results here obtained are in contrast with those previously reported. [ 12 ] Indeed, in this latter we observed that increasing the dendron generation enhanced the ability to complex siRNA. This discrepancy is probably due to the different way in which the material was functionalized. In our previous work, CNTs were fi rstly functionalized through 1,3-dipolar cycloaddition, which takes place mostly at the sidewalls of the material, whereas here we functionalized oxidized CNTs through amidation, which occurs preferentially at the tips of CNTs. Moreover, studies conducted by other groups in which pyrene [ 26 ] or poly(propylene imine) dendrimers [ 27 ] were functionalized with guanidinium groups showed also that these types of nanoparticles possessed better complexation profi les with genetic materials (i.e. DNA) than the corresponding ammonium conjugates.
Results similar to GelGreen displacement were obtained by agarose gel electrophoresis ( Figure S3 ). siRNA was complexed with dendron CNTs at different N/P charge ratios (up to 10:1). Depending on the degree of complexation, the fl uorescence signals of siRNA (due to intercalation with GelRed) was either detected when retained in the wells upon complexation with dendron-CNTs (quenched fl uorescence) or when migrated to the front line as free siRNA. As shown in Figure S3 , almost no siRNA complexation was observed from the CNTs through click reaction ( 24 and 25 ) within the charge ratio up to 10:1. Charge ratio dependent siRNA complexation was instead measured for the other dendron-CNT conjugates through amidation reaction as reduced siRNA migration was imaged at higher charge ratios (5:1 or 10:1). Complete restriction of siRNA migration occurred at 10:1 charge ratio in the case of complexation with ammonium G1 CNTs 19 .
Cell Uptake and Cytotoxicity Studies
To assess the suitability of our conjugates for gene delivery in vitro, dendron-CNTs complexed with siRNA were incubated with A549 lung cancer cells and their cellular uptake and distribution were studied. From the complexation studies, G1 CNTs resulted the most interesting, since G2 conjugates showed lower ability to complex siRNA. For this reason we decided to investigate more in detail ammonium and guanidinium derivatives, 19 and 20 respectively, and their ability to interact with cancer cells. A549 cells were treated with dendron-CNT 19 or 20 complexed with Alexa 546 labelled siRNA for 1 h and then imaged by confocal microscopy. As shown in Figure 4 , in the cells treated with ammonium CNTs 19 /siRNA complexes, the genetic material, evidenced by red signals, was found to be homogenously present in the cell cytoplasm. In comparison, lower red fl uorescence signals were detected in the cells treated with guanidinium CNT 20 / siRNA complexes. The results here are in good agreement with the gel electrophoresis study in which guanidinium CNTs exhibit lower complexation capacity of siRNA than the corresponding ammonium counterparts.
The cellular uptake of all the conjugates complexed with Alexa 546 labelled siRNA at different N/P ratios (1:1, 5:1 and 10:1) was quantifi ed after 24 hours of incubation by measuring the fl uorescence intensity in the cell lysate ( Figure 5 ).
The results were again in agreement with the gel agarose electrophoresis results ( Figure S3 ). CNTs functionalized through click reactions ( 24 and 25 ) were not able to transport the genetic material into cells as shown by the low fl uorescence signals detected in cell lysates. Nevertheless, siRNA was found to be internalized into cells when complexed with the other derivatives, with higher uptake observed in case of ammonium conjugates ( 17 , 19 and 21 ) compared to guanidinium ones ( 18 , 20 and 22 ) . Moreover, in both cases, higher dendron generations resulted in lower cellular uptake. This phenomenon was more remarkable for the guanidinium derivatives. Collectively, the results indicate that chemical functionalization plays an important role for the internalization of siRNA.
The effect of CNTs on cell viability is an important parameter that is necessary to investigate when the properties of CNTs are studied for biomedical purposes. Previous works have shown the potential toxicity of pristine long CNTs. [ 28 ] However, it was found that the shortening and the covalent functionalization of the nanotubes signifi cantly decreased their cytotoxicity and alleviated the pathogenic effects in vivo. [ 28 ] In order to assess the impact of functionalization of CNTs on cell viability, cytotoxicity assay on A549 cells was performed. Cells were incubated with dendron-CNTs for 24 or 72 h and the LDH assay showed that the cell viability was not affected by the treatment with different guanidinium dendron-CNTs ( Figure S4 ). There was no cell killing induced by all ammonium CNT conjugates at 24 h ( Figure S5A ). However, cell survival was reduced as a function of CNT concentrations in the cells treated with G1 and G2 ammonium dendron-CNTs at 72 hours ( Figure S5B ). The low cytotoxicity measured using guanidinium dendron-CNTs is very encouraging since toxicity is one of the most common drawbacks of many non-viral vectors for gene therapy. [ 29 ] However, the cellular uptake measured was not affected by the cytotoxicity of these conjugates, since this experiment was conducted after 24 h of CNT incubation where all the conjugates did not show any signifi cant variation on cell viability.
Therefore, there seems to be multiple factors involved in the toxicity induced by different dendron-CNT conjugates and further studies are needed to understand the mechanism.
In Vitro Gene Silencing
The ability of dendron-CNT conjugates 19 and 20 to deliver functional siRNA was further tested in vitro after an incubation of 24 (data not shown) or 48 h ( Figure 6 ), using a concentration of CNTs which resulted non toxic from the previous cytotoxicity test. siRNA specifi c for PLK1 gene (siPLK1) was chosen because silencing of this gene results in cancer cell death. In agreement with siRNA complexation and cellular uptake results, conjugate 19 seemed to be more effective than conjugate 20 in silencing PLK1 gene in HeLa cells. More than 5% but less than 10% PLK1 protein reduction was induced by dendron-CNTs 20 . On the other hand, around 25% protein reduction was achieved by dendronCNTs 19 -mediated siPLK1 silencing at 48 hours post transfection compared with naïve cells and siRNA alone. Cationic liposomes (DOTAP/cholesterol) were also used to compare the gene silencing effi ciency. Although liposomes displayed better gene silencing ability than dendron-CNTs 19 by a factor of 3, it was found that the liposome-mediated gene silencing effect remained constant at 24 and 48 h. Contrarily to liposome, lower protein expression was measured in the samples collected at 48 hours post transfection by dendron-CNTs 19 compared to the 24 h sample. The enhanced silencing effect at longer time point indicates that siRNA complexed with dendron-CNT was still stable and might possess a slow but effi cient release of genetic material. Since the intracellular siRNA concentration was reduced over time as the consequence of cell proliferation, the reduction of a quarter of PLK1 protein measured at 48 h post transfection is promising. This could be also an advantage for in vivo applications as the ideal siRNA/vector complexes should be stable for several hours or few days after systemic injection until reaching the organs of interests for siRNA silencing.
Conclusion
A series of dendrons of fi rst and second generation have been synthesized, possessing ammonium or guanidinium groups at their termini. The functionalization of the nanotubes was achieved using different covalent approaches in order to study the properties of the resulting conjugates in the complexation of siRNA. In particular, the presence of an amine or an azide moiety at the focal point of the dendron has been exploited to link the ramifi ed structures to CNTs via amidation or click reactions. In this way the distance between the nanotubes and the charged groups of the dendron has been altered, introducing an additional parameter in the study of interaction with siRNA. All the derivatives have been characterized by TGA and Kaiser test to evaluate the degree of functionalization. Their ability to interact with siRNA was investigated using GelGreen displacement and agarose gel electrophoresis. CNTs functionalized through amidation were more efficient in siRNA complexation than those functionalized through the click chemistry. Higher siRNA complexation was observed with the ammonium derivatives, compared to the guanidinium conjugates. Moreover, cellular uptake and western blotting studies confi rmed the electrophoresis results that ammonium derivatives display the best siRNA uptake and gene silencing activity compared to the other conjugates studied here. Finally, the low cytotoxicity of all the derivatives revealed a promising relevance of these conjugates as gene delivery system. Silencing studies in vivo are currently under investigation.
Experimental Section
Material and Reagents: MWCNTs (20-30 nm) were purchased from Nanostructured and Amorphous Materials Inc (USA). Chemicals were purchased from Sigma-Aldrich, Acros and Alfa Aesar, and used as received without any further purifi cation. All solvents used for synthesis were analytical grade. When anhydrous conditions were required, high quality commercial solvents treated with molecular sieves (porosity 4 Å) were used (DMF). THF was dehydrated by using Dry Solvent Station GTS 100. Water was purifi ed using a Millipore fi lter system MilliQ.
Oxidation of MWCNTs: MWCNTs were fi rstly oxidized under sonication in a water bath (20 W, 40 kHz) for 24 h in a sulfuric acid/nitric acid solution (3:1 v/v, 98% and 65%, respectively) at room temperature. Deionized H 2 O was then carefully added and the oxidized MWCNTs were fi ltered (Omnipore PTFE membrane fi ltration, 0.45 μ m), re-suspended in water and fi ltered again until the pH became neutral. MWCNTs were then dialyzed against water (Spectra/Por dialysis membrane MWCO 12 000-14 000 Da) for 3 days and then lyophilized, affording f -MWCNTs 16 (see SI Figure S1 and S2).
General Procedure for Amidation Reaction: 16 (100 mg) was suspended in oxalyl chloride (10 mL) and sonicated in a water bath for 30 min. The reaction mixture was stirred at 60 ° C for 24 h under Ar atmosphere. Oxalyl chloride was removed under reduced pressure and a solution of compound 1 (100 mg) in dry THF was added to CNTs. The reaction mixture was stirred for 48 h at 65 ° C under Ar atmosphere. After cooling the suspension to room temperature, CNTs were fi ltered over a PTFE membrane (0.45 μ m). The solid recovered on the fi lter was dispersed in DMF, sonicated in a water bath until thorough dispersion of the CNTs and fi ltered over a PTFE membrane (0.45 μ m). This sequence was repeated 3 times with DMF, twice with MeOH and once with Et 2 O and then CNTs were dried under vacuum. CNTs were dialyzed against water (Spectra/Por® dialysis membrane MWCO 12 000-14 000 Da) for 3 days and then lyophilized.
General Procedure for Boc Deprotection on CNTs: CNTs possessing Boc protecting groups (50 mg) were suspended in a 4N HCl solution in dioxane (50 mL) and sonicated in a water bath for 30 min. The reaction mixture was stirred overnight at room temperature. CNTs were fi ltered over a PTFE membrane (0.45 μ m) and washed as described before.
General Procedure for Guanidilation Reaction on CNTs: CNTs 17 (10 mg) was dispersed in DMF (10 mL) and sonicated in a water bath for 30 min. DIEA (0.2 mL) and N , N' -bis( tert -butoxycarbonyl)-1H-pyrazole-1-carboxamidine (100 mg) were added to the suspension and the reaction mixture was stirred 48 h at room temperature. CNTs were fi ltered over a PTFE membrane (0.45 μ m) and washed as described before. f-MWCNTs 23: CNTs 17 (50 mg) were suspended in DMF (50.0 mL) and sonicated in a water bath for 30 min. Hexinoic acid (50 μ L, 0.45 mmol), DIEA (1.6 mL, 9 mmol) and HOBt (122 mg, 0.9 mmol) were added to the suspension, in an ice bath, and then EDC × HCl (259 mg, 1.35 mmol) was subsequently added. The reaction mixture was stirred for 3 days at room temperature. CNTs were fi ltered over a PTFE membrane (0.45 μ m) and washed as described before, affording f -MWCNTs 23 .
General Procedure for Click Reaction: CNTs 23 (10 mg) was suspended in NMP (10 mL) and sonicated in a water bath for 30 min. Compound 7 (50 mg, 63 μ mol), THPTA (5.4 mg, 13 μ mol) and 2,6-lutidine (0.4 ml, 3.1 mmol) were sequentially added and the reaction mixture was degassed, bubbling Ar for 30 min. Cu(MeCN) 4 PF 6 (23 mg, 63 μ mol) was then added to the solution and the reaction mixture was stirred at room temperature for 3 days under Ar atmosphere. CNTs were fi ltered over a PTFE membrane (0.45 μ m) and the solid recovered on the fi lter was dispersed in DMF, sonicated in a water bath until thorough dispersion of the CNTs and fi ltered over a PTFE membrane (0.45 μ m). This sequence was repeated once with H 2 O, once with saturated aqueous NH 4 Cl solution, once with H 2 O, twice with DMF, twice with MeOH and once with Et 2 O and then CNTs were dried under vacuum, affording f -MWCNTs 24 .
Electrophoretic Mobility Shift Assay: In this experiment noncoding siRNA Alexa 546-labelled siNEG (UGC-GCU-ACG-AUC-GAC-GAU-G55; MW: 14450.3 Da) (Eurogentec, UK) were used. siRNA (0.25 μ g in 30 μ L of 5% dextrose) was complexed to f -MWCNT in 30 μ L of 5% aqueous solution of dextrose at different N/P charge ratios. Free siRNA (0.25 μ g) were used as a control. The suspensions were left at room temperature for 30 min to allow the formation of the complexes. After staining with 6x Orange Loading Dye (Fermentas, UK), the suspensions were added to 1% agarose gel (Life Technologies, UK) containing GelRed (Biotium, USA) stain, followed by electrophoresis in 0.5x Tris-Borate-EDTA buffer (SigmaAldrich, UK) at 75 mV for 45 min. The gels were then visualized under UV light using ChemiDoc MP system (BioRad, UK).
GelGreen Displacement Assay: The GelGreen Nucleic Acid Gel Stain, 10 000 × in H 2 O (Biotium, USA) was diluted in water to become 100 × concentrated. Thirty-fi ve microlitres of GelGreen were fi rstly complexed with siRNA (0.25 μ g in 25 μ L 5% dextrose) and allow equilibrating for 30 min (100% fl uorescence intensity). The GelGreen-siRNA solutions were then mixed with equal volume (60 μ L) of dendron CNT solution (complexing agent) at different concentrations to achieve the complexation ratios: 0.5:1, 1:1, 3:1, and 5:1 + /-charge ratios. After 1 h of incubation at room temperature, dispersions were centrifuged at 13 000 rpm for 30 min (to remove dendron-CNTs:siRNA complexes) and the supernatants (containing siRNA unbound to dendron-CNTs) were transferred to a black-bottom 96-well plate. Amounts of the unbound siRNA were quantifi ed by measuring the fl orescence signal at 554 nm using a FLUOstar OPTIMA plate reader (BMG Labtech, UK) and presented as a percentage of total fl uorescence signals at 0:1 + /-charge ratio (100% free siRNA).
Evaluation of Fluorescence siRNA Complex Uptake in A549 Cells by Laser Scanning Confocal Microscopy: Dendron-CNTs/siRNA complexes were prepared at 5:1 charge ratio and incubated with cells for 1 h in serum-containing media. Cell were rinsed, fi xed, permeabilised and subsequently stained with Alexa Fluor 488 phalloidin (green colour, F-actin), TO-PRO-3 (blue colour, nucleus).
Cellular uptake of siRNA Alexa 546-labelled was evidenced by the red signal. Confocal images were captured using a Nikon Eclipse Ti Inverted confocal microscope (Nikon, UK).
Quantifi cation of Fluorescently Labelled siRNA Complex Uptake in A549 Cells: A549 cells were incubated with dendron-CNTs/ siRNA complexes (1:1, 5:1 and 10:1 charge ratios) for 24 h. Cells were washed, lysed, centrifuged, and then the cell lysates were transferred to a 96-well plate followed by measuring the fl uorescence signals at 590 nm in a FLUOstar OPTIMA plate reader (BMG Labtech, UK). A standard curve of fl uorescent siRNA was established in order to calculate the siRNA concentration per well. Total protein concentration per well was later determined by BCA assay kits (Pierce BCA protein assay kit, Thermal Scientifi c, UK). Results were presented as ng of siRNA per μ g of protein.
Cationic liposome DOTAP/cholesterol was also used to complex siRNA at 4.3 mass ratios as a positive control.
Cell Viability Assay: A549 cells were seeded in 96-well plates and incubated with dendron CNTs (200 μ L of 10, 50 and 100 μ g/ mL) in complete media for 24 h or 72 h. Cytotoxicity was examined by modifi ed LDH assay [ 30 ] using CytoTox96 assay kits (Promega, UK). In brief, at the end of incubation period, media was removed and replaced with 100 μ L of phenol and serum free media, containing 9% v/v Triton X-100. After an incubation of 45-60 min at 37 ° C, the cell lysate was transferred into microtubes and centrifuged at 13 000 g for 5 min. 50 μ L of the supernatant (free from dendron CNT material) was then transferred to a fresh 96-well plate and mixed with 50 μ L reconstituted substrate in each well. The plate was covered with foil and incubated for 15 min at room temperature. The reaction was stopped by adding 50 μ L of the stop solution to each well. The absorbance was read at 490 nm in a plate reader (FLUOstart OPTIMA, BMG Labtech, UK) and the results are expressed as the percentage of cell survival (mean ± S.D.) and calculated using the below equation:% Cell survival = (A490 nm of treated cells/A490 nm of untreated control cells) x100.
Western Blotting of siPLK1 Silencing: HeLa cells were seeded onto 6-well plates with antibiotics free RPMI-1640 medium overnight. 24 h later, siPLK1 (Eurogentec, UK) was complexed with MWCNTs 19 and 20 in 5% dextrose at charge ratio 5:1 ( + /-) for 20 min. Complexes solutions were diluted in serum free medium and added to cells to achieve the fi nal concentration of siPLK1 80 nM per well. After 4 h, serum was added to each well to supplement the medium (10%). At 24 h and 48 h post transfection, cells were washed twice with ice-cold PBS and collected directly into lysis buffer (50 mM Tris-Cl, pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40 and 0.5% sodium deoxycholate). The cell lysates were left on ice for 30 min and mixed by vortex in between. Samples were then cleared by centrifugation at 13 000 rpm for 30 min at 4 ° C and the supernatants containing proteins were collected. Protein concentrations were examined using BCA assay kits (Pierce BCA protein assay kit, Thermal Scientifi c, UK) and 15 μ g of protein from each sample was resolved in 10% SDS-PAGE gels and transferred to Hybond ECL nitrocellulose membranes (GE Healthcare, UK). After blocking in 3% BSA at room temperature for 1 h, the blots were incubated with mouse monoclonal PLK1 antibody (abcam, UK) at 10 μ g/mL overnight on ice. The blots were then incubated with the secondary antibody, horseradish peroxidase linked anti-mouse antibody (Cell Signalling Technology, USA) at 1:1000 dilution for 1 h at room temperature. The specifi c bands were detected using chemiluminescent kits (Immun-Star
